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In Drosophila, imaginal wing discs, Wg and Dpp, play important roles in the development of sensory organs. These secreted
growth factors govern the positions of sensory bristles by regulating the expression of achaete-scute (ac-sc), genes affecting
euronal precursor cell identity. Earlier studies have shown that Dally, an integral membrane, heparan sulfate-modified
roteoglycan, affects both Wg and Dpp signaling in a tissue-specific manner. Here, we show that dally is required for the
evelopment of specific chemosensory and mechanosensory organs in the wing and notum. dally enhancer trap is expressed
at the anteroposterior and dorsoventral boundaries of the wing pouch, under the control of hh and wg, respectively. dally
affects the specification of proneural clusters for dally-sensitive bristles and shows genetic interactions with either wg or
dpp signaling components for distinct sensory bristles. These findings suggest that dally can differentially regulate Wg- or
Dpp-directed patterning during sensory organ assembly. We have also determined that, for pSA, a bristle on the lateral
notum, dally shows genetic interactions with iroquois complex (IRO-C), a gene complex affecting ac-sc expression.
Consistent with this interaction, dally mutants show markedly reduced expression of an iro::lacZ reporter. These findings
establish dally as an important regulator of sensory organ formation via Wg- and Dpp-mediated specification of proneural
clusters. © 2001 Academic Press
Key Words: division abnormally delayed; proteoglycan; decapentaplegic; wingless; iroquois; Notch; sensory organ;
repattern gene; Drosophila.M
P
g
g
t
t
aINTRODUCTION
The sensory organs of Drosophila melanogaster assemble
at precise positions, providing an excellent model system to
study pattern formation. The process of sensory organ
formation consists of multiple steps controlled by distinct
classes of genes (Ghysen and Dambly-Chaudiere, 1989; Jan
and Jan, 1990). Patterns of sensory organs are largely deter-
mined by spatially and temporally regulated expression of
proneural genes, such as achaete (ac) and scute (sc) (Cubas
et al., 1991; Skeath and Carroll, 1991). ac and sc encode
ranscription factors of the basic helix–loop–helix family
nd endow a group of cells (proneural cluster) with the
bility to become neuronal precursors (Campuzano and
1 To whom correspondence should be addressed. Fax: 81-426-77-
2559. E-mail: nakato-hiroshi@c.metro-u.ac.jp.
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ositional cues that control the expression of proneural
enes are provided by the activities of “prepatterning
enes” (Jan and Jan, 1990; Simpson, 1996).
Two classes of molecules are proposed to affect prepat-
erning of adult sensory bristles. The first class includes
ranscription factors that positively or negatively regulate
c-sc expression. For example, araucan (ara), caupolican
(caup), and mirror (mirr), three members of the iroquois (iro)
gene complex (IRO-C), encode homeoproteins and control
ac-sc expression at the lateral region of the notum (Gomez-
Skarmeta et al., 1996; Kehl et al., 1998; Leyns et al., 1996).
Other transcription factors implicated in prepatterning in-
clude Hairy (H; Ohsako et al., 1994; Van Doren et al., 1994),
U-shaped (Ush; Cubadda et al., 1997; Haenlin et al., 1997),
Extramacrochaetae (Emc; Van Doren et al., 1991), Daugh-
terless (Da; Cubas and Modolell, 1992), BarH1/BarH2 (Sato
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434 Fujise et al.et al., 1999), Spalt/Spalt-related (Sal/Salr; de Celis et al.,
1999), and Pannier (Pnr; Garcia-Garcia et al., 1999). Se-
creted signaling molecules also participate in the prepattern
formation. hedgehog (hh) controls the formation of SC
(scutellar) proneural cluster, vein L3, and sensory bristles
associated with vein L3 (Mullor et al., 1997). wingless (wg)
s required for the development of a subset of proneural
lusters, including DC (dorsocentral), SC, pPA (posterior
ostalar), PS (presutural), and marginal bristles (Couso et
l., 1994; Phillips and Whittle, 1993). In addition to Wg, the
ctivity of Decapentaplegic (Dpp) is required for DC pro-
eural cluster formation (Tomoyasu et al., 1998).
Recently, it has been shown that several growth factors
that are critical for patterning require proteoglycans to
mediate signals to the target cells (Selleck, 2000). Proteo-
glycans are a class of glycosylated proteins bearing long,
unbranched sugar polymers, glycosaminoglycans, which
include heparin and heparan sulfate. Defects in enzymes
involved in the biosynthesis of heparan sulfate compromise
growth factor signaling. sugarless (sgl), a gene encoding
utative UDP-glucose dehydrogenase, and sulfateless (sfl),
utative heparan sulfate N-deacetylase/N-sulfotransferase,
re required for Wg signaling (Binari et al., 1997; Hacker et
al., 1997; Haerry et al., 1997; Lin and Perrimon, 1999). The
wing blistered phenotype caused by expression of the con-
stitutively active form of the Dpp type I receptor, thick
veins (tkv), was suppressed by sgl mutations, implicating
sgl in Dpp signaling (O’Connor and Haerry, 1999). The
vertebrate tumor suppressor genes, EXT1 and -2, encode
heparan sulfate co-polymerases (Lind et al., 1998). Muta-
tions in tout-velu (ttv), a Drosophila EXT-related gene,
ignificantly reduce heparan sulfate (Toyoda et al., 2000)
nd affect the tissue distribution of Hh (The et al., 1999).
hese findings demonstrated that proteoglycans affect sig-
aling mediated by the heparin-binding growth factors,
ncluding Dpp, Wg, and Hh.
One molecule proposed to serve as a coreceptor for
rowth factor signaling is division abnormally delayed
dally), a Drosophila integral membrane proteoglycan of the
lypican-type. dally is required for normal cell cycle pro-
ression of a set of dividing cells in the developing visual
ystems and also affects the morphogenesis of several adult
tructures (Nakato et al., 1995). Dally, like its vertebrate
omologues, bears heparan sulfate chains and is attached to
he cell membrane via a glycosylphosphatidylinositol (GPI)
nchor (Tsuda et al., 1999). dally is involved in signaling
ediated by Dpp during development of eye, antenna, and
enitalia (Jackson et al., 1997). Genetic analyses showed
that, in these tissues, dally controls cellular responses to
Dpp. In the embryonic epidermis, however, dally potenti-
ates Wg signaling but not Dpp-directed patterning (Lin and
Perrimon, 1999; Tsuda et al., 1999). Thus, dally is required
for tissue-specific function of Dpp and Wg, suggesting that
dally can change its ligand-specificity in a developmental
stage and/or tissue-dependent manner.
During wing development, dally mutations affect the
formation of longitudinal vein and margin structures (Na- d
Copyright © 2001 by Academic Press. All rightkato et al., 1995). The distal deletion of wing vein L5
observed in dally mutants is characteristic of defects in
Dpp- and EGFR-signaling pathways (Sturtevant and Bier,
1995). Lin and Perrimon (1999) demonstrated that wing
margin notching phenotypes of dally mutants are associ-
ated with reductions in Wg signaling. The variety of dally
mutant phenotypes suggests that dally could be involved in
several different signaling pathways during development of
the wing and notum. We propose here that Dally affects the
prepatterning of specific sets of sensory bristles by selec-
tively participating in Wg and Dpp-directed control of ac-sc
gene expression.
MATERIALS AND METHODS
Fly Stocks
Oregon-R was used as a wild type of Drosophila melanogaster.
For the analyses of dally mutant phenotypes and genetic interac-
tion experiments, dallyP2, dallyDP2188, dallyDP2527, and dallygem were
sed as dally hypomorphic alleles (Jackson et al., 1997; Nakato et
al., 1995). wg null mutation used was wgCX4 (Baker, 1987). neural-
zed (neu)::lacZ (neuA101; Huang et al., 1991), scabrous (sca)::lacZ
(Mlodzik et al., 1990), and DC enhancer fragment-3.7sc-lacZ
(Gomez-Skarmeta et al., 1995) were used to analyze the sensory
organ mother cells (SMCs) and the proneural clusters. irorF209 (an
enhancer trap line at the iro locus), iro1 (probably a null allele for
aup and hypomorphic allele of ara), and Df(3)iro2 (a deficiency line
that spans the 69BD chromosomal region) have been described
(Gomez-Skarmeta et al., 1996). Df(3L)iroDFM3 is a deficiency null for
ra, caup, and mirr (Diez del Corral et al., 1999). Mob1 mirrB1–12
mutation was isolated by screening for genes that modify the
expression pattern of mirrB1–12 and appears to be within a cis-acting
element of mirr (Kehl et al., 1998). Hypomorphic punt (put) allele
used was putP1 (Letsou et al., 1995; Simin et al., 1998; Theisen et
l., 1996). smoD16, a null mutation of smo, and dshVA153, a null allele,
ere described by Chen and Struhl (1998) and Perrimon and
ahowald (1987), respectively. All flies were reared at 25°C.
Histochemistry
lacZ expression of enhancer trap animals was detected in discs
by using anti-b-galactosidase antibody as follows. Imaginal discs
were dissected in phosphate-buffered saline (PBS) and fixed in 4%
formaldehyde in PBS. The discs were washed for 5 min in PBT
(0.1% Tween 20 in PBS) three times and incubated overnight at 4°C
with a rabbit polyclonal anti-b-galactosidase antibody (1:500 dilu-
ion, Cappel). After washing, the discs were incubated overnight at
°C with a secondary biotinylated anti-rabbit IgG antibody (1:500
ilution, Vector Laboratories). After washing in PBT, the discs were
reated with a biotinylated horseradish peroxidase (HRP)-avidin
omplex (ABC Kit, Vector Laboratories) at a 1:50 dilution in PBT
or 1 h. The HRP-avidin complex was visualized by incubating the
iscs in 0.03% H2O2 and 0.5 mg/ml DAB in PBT. The discs were
ounted in 90% glycerol in PBS and observed with an OLYMPUS
X50 microscope. To analyze the expression of Ac protein, a mouse
onoclonal anti-Ac antibody (1:1 dilution; Skeath and Carroll,
991) and a secondary biotinylated anti-mouse IgG antibody (1:100
ilution, Vector Laboratories) were used. The lacZ expression of
s of reproduction in any form reserved.
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435dally in Drosophila Sensory Organ Formationthe neu and iro genes was examined by X-gal staining following
standard procedures (Ashburner, 1989).
For fluorescent double staining, primary antibodies were rabbit
anti-b-galactosidase (1:500, Cappel), mouse anti-En (1:1), rabbit
anti-Wg (1:500, a generous gift from S. Cumberledge), and mouse
anti-Myc (9E10) (1:100, Lab Vision Corporation). The primary
antibodies were detected with FITC or Rhodamin-conjugated sec-
ondary antibodies (Cappel).
In situ hybridization to detect dally mRNA was performed with
an antisense digoxigenin-labeled RNA probe (Sato et al., 1999). The
signal was developed with a fluorescent substrate (HNPP/FastRed)
as described by Goto and Hayashi (1997), and stained samples were
FIG. 1. Patterns of dally enhancer trap expression in wing discs
expression in wing discs (A–F) was detected by anti-b-galactosidase
A) and mid (B) third instar dallyP2/1 larvae. High-magnification vie
dallyP2/1 larva. A high level of dally enhancer trap expression was
boundary. (E) Everted prepupal disc at 2 h after puparium format
hybridized with a DIG-labeled dally probe. (G) dally mRNA expres
pouch (arrowheads). (H) Expression in the notum is relatively unifobserved with a confocal microscope (LSM410, Carl Zeiss).
Copyright © 2001 by Academic Press. All rightEctopic Expression of Dl and Ser
Delta (Dl) and Serrate (Ser) were ectopically expressed by the
AL4/UAS system (Brand and Perrimon, 1993). UAS-Dl (Doherty
t al., 1996) or UAS-Ser (Speicher et al., 1994) was targeted by using
atched (ptc)-GAL4. ptc-GAL4; dallyP2/TM6B, Tb flies were
rossed to UAS-Dl/TM6B, Tb or UAS-Ser homozygous flies. Larvae
carrying both the GAL4 and the UAS insertions were distinguished
by their [Tb1] phenotype.
Mosaic Analysis
Homozygous mutant clones were induced by Flp-mediated mi-
hird instar larval and prepupal stages. (A–F) dally enhancer trap
ody in dallyP2 enhancer trap animals. (A–C) Wing discs from early
f a wing disc at mid-late third instar larva (C). (D) Late third instar
cted in two rows of cells at the anterior compartment of the D/V
APF). (F) Prepupal wing at 6 h APF. (G and H) Wing discs were
is strong at the A/P and D/V compartment boundaries in the wing
In all pictures, anterior is up and dorsal is left.of t
antib
ws o
dete
ion (totic recombination (Golic, 1991; Xu and Rubin, 1993). Larvae of
s of reproduction in any form reserved.
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436 Fujise et al.the genotype smoD16 FRT40/2XUbi-nlsGFP FRT40; dallyP2/FLP3,
b or dshVA153 FRT18A/pM FRT18A; dallyP2/FLP3, Sb were heat-
shocked at 24–48 h after egg-laying at 37°C for 1 h to induce
recombination. Discs were dissected and analyzed 2–4 days after
the induction.
Preparation of Adult Wings and Notums
Adult cuticles of the notum were boiled in 2.5 N sodium
hydroxide, washed in distilled water, and dehydrated in 2-propanol.
FIG. 2. Cell-autonomous loss of dally enhancer trap expression in
was performed in early third dallyP2/1 disc (A–C) with antibod
xpression of dally::lacZ apposed to the posterior compartment. (D–
he ptc . GFP stripe (green). (G–I) Clones of cells homozygous for
bsence of dally::lacZ expression in the clone (arrows).The adult wings were dehydrated in ethanol and subsequently with d
Copyright © 2001 by Academic Press. All rightxylene. After the specimens were mounted in EUKITT (Takahashi
Giken Glass Co.), phenotypes were observed and photographed
with an OLYMPUS BX50 microscope.
RESULTS
dally Enhancer trap Expression in the
Developing Wing
Expression of dally enhancer trap insertions in the wing
o mutant clones at the A/P boundary. Fluorescent double staining
gainst b-galactosidase (red) and Engrailed (green). A/P boundary
e A/P boundary of dally::lacZ expression (red) is comprised within
16. The clones are marked by the absence of GFP (green). Note thesm
ies a
F) Thisc was followed by using anti-b-galactosidase antibody
s of reproduction in any form reserved.
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437dally in Drosophila Sensory Organ Formationduring third instar larval and prepupal stages. In the early
and mid-third instar larvae, high levels of b-galactosidase
immunoreactivity were evident along the dorsoventral
(D/V) compartment boundary of the wing blade (Figs. 1A
and 1B). D/V border expression of dally becomes wider and
the strongest signals were observed in two parallel bands of
cells along the presumptive anterior wing margin at the
mid-late third instar (Fig. 1C). dally::lacZ expression was
lso detectable at a stripe of cells, the presumptive antero-
osterior (A/P) compartment boundary of the wing blade,
inge, and notum in late third (Fig. 1D) and prepupal stages
Fig. 1E). At 6 h after puparium formation, the signals were
FIG. 3. Ectopic Dl and Ser expression induces dally enhancer trap
(dallyP2/1) were stained for Wg protein (green; A, C, and E) and b-ga
B) were detectable along the D/V boundary (white arrowheads) in th
riven in a stripe along the A/P boundary by the ptc-GAL4 transge
t the dorsal and ventral compartments, respectively (yellow arrowetected along the vein structures (Fig. 1F). The expression a
Copyright © 2001 by Academic Press. All rightn the veins is consistent with the defect of wing vein L5
ormation observed in dally mutant flies (Nakato et al.,
995).
We also examined the dally mRNA distribution in the wing
isc by whole-mount in situ hybridization. In the wing pouch,
he level of dally mRNA was high at the A/P and D/V borders
Fig. 1G), showing a similar pattern to that observed with the
nhancer trap line (Fig. 1B). In the notum, dally mRNA was
idely detectable with higher levels at the ventral side (Fig.
H). The observation demonstrated that the dally enhancer
rap provides an accurate measure of dally gene expression in
he wing disc. We therefore used the enhancer trap for further
ssion in the wing disc. Wing discs from dally enhancer trap animal
sidase (red; B, D, and F). Wg protein (A) and dally::lacZ expression
ld-type wing disc. Ectopic Dl (C and D) and Ser (E and F) expression
tivated wg (C and E) and dally::lacZ (D and F) ectopically in cells
nterior to the left and ventral up in all images.expre
lacto
e wi
ne acnalysis on the dally gene regulation.
s of reproduction in any form reserved.
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438 Fujise et al.dally Enhancer Trap Expression at the A/P Border
Cells Is Activated by Hh Signaling
To define the expression of dally close to the A/P bound-
ry more precisely, dally::lacZ expression was compared
ith the domains of expression of engrailed (en), a marker
or the posterior compartment (Kornberg et al., 1985), and
tc, whose expression is detected in cells abutting the A/P
oundary (Marigo et al., 1996). The posterior border of the
/P expression of dally::lacZ is apposed to the en-
xpressing cells (Figs. 2A–2C). Figures 2D–2F show that the
ally A/P border expression closely overlaps with the ptc
tripe. dally was expressed most abundantly in cells closest
o the A/P border, where the concentration of Hh would be
xpected to be at its peak, and its expression declined with
ncreasing distance from the border (Figs. 1G and 2D).
hese results indicate that dally is expressed in a stripe of
ells adjacent to the A/P compartment boundary.
The overlapped expression of the dally::lacZ at the A/P
order cells and ptc, which depends on the Hh signaling,
uggests that this signal also regulates dally. To test
hether the expression of dally is under the control of Hh,
e induced loss-of-function clones of smoothened (smo),
here the Hh signaling is blocked (Alcedo et al., 1996).
ally::lacZ expression was absent in the smo2 clones at the
/P boundary in a cell autonomous manner, while its
xpression was not affected in clones at the posterior
ompartment (Figs. 2G–2I). Therefore, the A/P border ex-
ression of dally::lacZ is dependent on Hh signaling.
Notch Signaling Regulates dally Enhancer Trap
Expression along the D/V Boundary
Expression of dally at the D/V border cells was analyzed
n detail by comparison with that of wg. Double staining of
ally::lacZ expression and Wg protein revealed that the
xpression patterns of dally is similar to but broader than
hose of wg (data not shown). Wing margin formation
equires the activity of wg, vestigial (vg), and cut (ct) along
he boundary between the dorsal and ventral compartment
ells. The expression of these genes at the D/V boundary is
ontrolled by Notch (N) (Doherty et al., 1996). During early
ing development, Ser-expressing dorsal cells and Dl-
expressing ventral cells mutually interact through N func-
tion to activate or maintain the expression of the wing
margin genes, resulting in the symmetrical induction of
these genes along the D/V boundary. To determine whether
the D/V boundary expression of the dally enhancer trap is
regulated by N signaling, an ectopic expression of Ser or Dl
was induced in the wing discs by the GAL4/UAS system.
When an ectopic Dl expression is induced at the A/P
boundary under the control of a ptc-GAL4 transgene, ex-
pression of dally::lacZ as well as Wg was induced at the A/P
border cells in the dorsal compartment (Figs. 3C and 3D).
Similarly, ectopic Ser expression activated expression of
dally::lacZ (Fig. 3F) and Wg (Fig. 3E) along the A/P boundary
of the ventral cells. These results indicate that dally en-
hancer trap expression at the D/V boundary is regulated by (
Copyright © 2001 by Academic Press. All rightsignaling, as in other genes essential for wing margin
ormation.
dally Enhancer Trap Expression at the D/V
Boundary Is under the Control of Wg Signaling
Our results described above show that dally transcription
is activated by N signaling, as in wg and vg. Expression of vg
along the D/V boundary is mediated by the N signaling and
the activity of Wg is also required for the up-regulation of vg
expression (Klein and Arias, 1999). To clarify whether dally
expression at the D/V boundary depends on Wg signaling,
we examined dally::lacZ expression in clones of cells that
re mutant for a component of the Wg signal transduction
athway, dishevelled (dsh) (Noordermeer et al., 1994). The
cells mutant for dshVA153, which behaves as though Dsh
activity were reduced but not completely removed (Neu-
mann and Cohen, 1997), showed reduced levels of dally
expression at the D/V border cells (Fig. 4). The results
indicated that dally expression at the D/V boundary is
positively regulated by Wg signaling.
dally Is Required for the Formation of Sensory
Organs along the Anterior Wing Margin
The expression of dally::lacZ at the D/V boundary and its
regulation by N and Wg signaling pathways suggested that
dally plays an important role in the development of the
wing margin. To test this idea, wing margin structures of
dally mutants were analyzed. The proximal region of the
anterior wing margin bears three rows of different types of
bristles (Hartenstein and Posakony, 1989; Huang et al.,
1991). As shown in Fig. 5 and Table 1, the number of each
sensory bristle on the anterior wing margin is severely
reduced in homozygotes for dally hypomorphic alleles. For
example, the number of the multiply innervated (recurved)
bristles in the dorsal row of dallyP2/dallygem wings decreases
to 55% of that of wild-type flies (Table 1). dally mutations
also affect the morphogenesis of other sensory organs in the
wing. While wild-type flies bear twin campaniform sensilla
of the margin (TSM1 and -2) at the costa region of the wing
(Fig. 5E), dallyDP2527/dallygem show loss of both sensilla in
70% of animals (Figs. 5F and 5G). These observations
indicated that dally function is required for the normal
development of several sensory organs in the wing.
dally Mutations Affect the Formation of Sensory
Bristles on the Notum
In addition to wing margin bristle defects, dally muta-
tions cause the loss of specific macrochaetae and micro-
chaetae on the notum. The wild-type notum bears 22
macrochaetae at fixed locations and many microchaetae
distributed in evenly spaced rows (Figs. 6A and 6C). Ho-
mozygotes for a hypomorphic dally allele, dallyP2, lack
nterior dorsocentral (aDC) and posterior supraalar (pSA)
Fig. 6B and Table 2). We noticed that the pDC is displaced
s of reproduction in any form reserved.
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439dally in Drosophila Sensory Organ Formationanteriorly or forms at an intermediate position between
aDC and pDC, as is the case when AS-C expression is
reduced (Stern, 1956; Fig. 6B). Furthermore, the loss of
posterior postalar (pPA) was observed in dally mutants with
low penetrance (Table 2). Thus, there are four bristles (aDC,
pDC, pSA, and pPA) that are affected by dally mutations
ut of the 11 macrochaetae on the heminotum, indicating
hat dally is involved in the formation of a particular set of
acrochaetae on the notum.
dally mutations also affected the numbers and position of
icrochaetae throughout the notum. In wild-type notum,
icrochaetae are placed in five rows as labeled R1 to R5 in
ig. 6C (Simpson et al., 1999). In dally homozygotes (Fig.
B), microchaetae occurred irregularly, forming incomplete
tripes. Numbers of microchaetae were significantly re-
uced in dally mutants compared with wild-type. These
ndings indicate that dally mutations affect patterning in
he entire notum region; however, they only cause defects
f specific set of macrochaetae.
dally Function Is Required for the Development of
Specific Proneural Clusters in the Wing Disc
The proneural genes ac and sc are expressed in a group of
ells known as the proneural cluster in the wing disc. The
ocation of the sensory bristle is largely defined by the
mergence of the sensory organ mother cell (SMC), which is
ingled out from the proneural cluster. To determine
hether dally affects SMC formation, dally mutant wing
iscs were analyzed for expression of neu::lacZ (Figs. 7A
and 7B), an SMC marker. The number of SMCs for the
chemosensory bristles at the anterior wing margin was
severely reduced in dallyDP2527/dallygem (Fig. 7B) compared
TABLE 1
Effects of dally Mutations on the Sensory Bristles at the Wing Ma
Wild-type
Dorsal row
Singly innervated (mechanosensory)
Stout 77 6 3.1
Slender 28 6 2.3
Total 105 6 3.9
Multiply innervated (chemosensory)
Recurved 22 6 1.7
entral row
Singly innervated (mechanosensory)
Slender 71 6 2.4
Multiply innervated (chemosensory)
Recurved 18 6 0.8
Note. The number of each type of sensory bristle at the wing
umbers (6 SD) are shown in the ordinate. The genotypes shown ar
dallyDP-188/dallygem (188/gem). The anterior wing margin of wild-
(chemosensory) with a recurved shaft, singly innervated (mechanos
a slender shaft.o wild-type discs (Fig. 7A). Consistent with adult pheno-
Copyright © 2001 by Academic Press. All rightypes, the SMCs for dally-sensitive macrochaetae (DC and
SA) and TSM were not detectable in dallyDP2527/dallygem
discs (Fig. 7B). We also examined sca::lacZ expression in
dally mutants. sca is expressed in the proneural clusters
nd one cell within each cluster expresses sca at higher
evels, which is selected as SMC (Fig. 7C). Reduction in the
umber of SMCs for chemosensory bristles along the wing
argin and absence of SMCs for aDC, pSA, and TSM were
lso observed in dallyDP2527/dallygem wing discs (Fig. 7D).
We analyzed proneural cluster formation using anti-Ac
antibody that marks proneural clusters in wild-type wing
discs (Fig. 7E). In most dally mutant wing discs we have
examined (20 out of 25), we could not observe Ac protein
accumulation at proneural clusters for marginal chemosen-
sory bristles, while its distribution was normal at the
proneural clusters for dally-insensitive sensory organs, in-
cluding L3, dR, dTG, and pTG (Fig. 7F). In some cases (5 out
of 25 dally discs), we barely detected Ac protein at the
prospective wing margin; however, the antibody stains only
SMCs and not proneural clusters (Fig. 7F9). Furthermore, we
could not detect Ac protein at the pSA proneural cluster in
dally homozygous wing discs (data not shown). These
results indicate that ac-sc expression is severely reduced at
proneural clusters for dally-sensitive bristles in dally mu-
tant discs. To further test this idea, we examined the effect
of dally mutations on the expression of the site-specific
enhancer elements of sc. DC-specific enhancer expression
revealed that the size of the DC cluster was significantly
reduced in dallyDP2527/dallygem (Fig. 7H). The DC-lacZ line
also reports L3/TSM and SMC enhancers, and allowed us to
examine the activities of these enhancers in dally mutants.
The size of TSM proneural cluster was severely decreased,
while that of L3 proneural cluster was not affected in
527/gem P2/gem 188/gem
64 6 3.4 65 6 2.6 67 6 2.3
20 6 2.1 19 6 1.3 19 6 1.6
84 6 1.6 84 6 2.6 86 6 2.9
13 6 0.8 12 6 0.8 13 6 1.0
54 6 1.6 55 6 2.4 56 6 2.0
11 6 1.5 11 6 1.0 11 6 0.8
in was counted for 10 specimens for each genotype; the average
d-type, dallyDP-527/dallygem (527/gem), dallyP2/dallygem (P2/gem), and
flies bears three different types of bristles: multiply innervated
y) with a stout shaft, and singly innervated (mechanosensory) withrgin
marg
e wil
type
ensordallyDP2527/dallygem (Fig. 7H). These findings indicate that
s of reproduction in any form reserved.
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440 Fujise et al.loss of the specific bristles in dally homozygous flies is
caused by a failure of proneural cluster formation and that
dally functions at the step of “prepatterning” by regulating
AS-C expression during the development of sensory organs.
dally Functions in Dpp and Wg Signaling during
the Development of Sensory Bristles on the Notum
To investigate the function of dally during the develop-
ment of dally-sensitive macrochaetae, DC, pSA, and pPA,
we examined the genetic interactions between dally and
other prepattern genes. Among several prepattern genes, we
focused on wg and dpp since dally has shown to be involved
in signaling pathways mediated by these growth factors
(Jackson et al., 1997; Lin and Perrimon, 1999; Tsuda et al.,
1999). Wg activity is required for a subset of the macrochae-
tae of the notum, which develop in or immediately adjacent
to the wg-expressing cells. Of these wg-sensitive bristles,
pPA is the most sensitive to a decrease in wg activity
(Phillips and Whittle, 1993). As shown in Fig. 8A, 30% of
wgCX4/1; dallyP2/dallygem flies showed the pPA defect, while
none of wgCX4/1 animals and only 1% of dallyP2/dallygem
showed this phenotype. The results demonstrated that
dally and wg mutations synergistically affect the phenotype
f the loss of the pPA bristle.
In addition to Wg, Dpp is another secreted prepattern
FIG. 4. dally enhancer trap expression is reduced in dsh mutant c
by the absence of Myc expression (green). Note the reduction of dolecule whose activity is required for DC proneural
Copyright © 2001 by Academic Press. All rightluster formation (Tomoyasu et al., 1998). To examine the
ossibility that dally participates in Dpp signaling to form
acrochaetae on the notum, we used the hypomorphic
lleles of put, a Dpp type II receptor, to reduce the activity
f Dpp signaling. As depicted in Fig. 8B, approximately 24%
f dallyP2/dallygem flies showed a loss of aDC phenotype.
eterozygosity for putP1 increased the penetrance of this
phenotype to nearly 90%, although putP1/1 flies never
showed the aDC defects (Fig. 8B). On the other hand, wg
mutations hardly affected the penetrance of aDC pheno-
types of dally mutants (data not shown), although wg
function is also required for DC macrochaetae development
(Phillips and Whittle, 1993). Figure 8C shows 86% of
dallyP2/dallygem flies showed a loss of the pSA macrochaete.
he dally pSA phenotype was also enhanced by putP1
mutation to 100% (Fig. 8C), but not by wg mutations (data
not shown). Thus, Wg and Dpp selectively affect the phe-
notypes of three dally-sensitive bristles, indicating that
dally participates in two different signaling pathways in the
developing notum.
Dally, Dpp, and IRO-C Are Involved in the pSA
Macrochaete Formation
Development of sensory bristles at the lateral notum is
regulated by genes of IRO-C (Gomez-Skarmeta et al., 1996;
s. Clones of cells homozygous for dshVA153. The clones are marked
lacZ expression (red) within the clones.Kehl et al., 1998). To analyze further how dally functions in
s of reproduction in any form reserved.
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between iro and dally genes. Figure 9 shows that the pSA
henotype of iro/1 was strongly enhanced by the heterozy-
osity of dally mutation, while dally heterozygotes showed
FIG. 5. Wing phenotypes of dally mutants. Adult wings are show
dally homozygotes exhibit the wing vein L5 incomplete phenoty
rectangles in (A) and (B) at higher magnification, showing sensory b
number of mechanosensory (black arrows) and chemosensory (red
squares in (A) and (B), showing twin campaniform sensilla (TSM1
homozygotes (F and G; white arrowheads). In all, wings are shownno phenotypes. Since dally genetically interacts with put in
Copyright © 2001 by Academic Press. All rightrespect to the pSA phenotype, we examined the genetic
interaction between put and iro to confirm that dally, put,
and iro are collectively involved in the specification of the
pSA. As shown in Fig. 9, the pSA phenotype of iro/1 is
r wild-type (A, C, and E) and dallyP2 homozygote (B, D, F, and G).
rrow in B). (C and D) Regions comparable to those in the black
es at the anterior wing margin. In dally homozygous wing (D), the
ws) bristles is severely reduced. (E) High-magnification views of
-2) (black arrowheads). An absence of TSM was observed in dally
anterior up and distal to the right.n fo
pe (a
ristl
arro
andenhanced by a reduction in Dpp signaling. These findings
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orm the pSA.
In wing discs, ara and caup of IRO-C are expressed in the
ateral region of the notum, and the activities of these genes
re necessary to activate the expression of ac-sc (Gomez-
karmeta et al., 1996; Leyns et al., 1996). To determine
hether the loss of a proneural cluster for the pSA in dally
utant is associated with a reduction in iro expression, we
xamined expression of an iro enhancer trap in a dally
utant background. In wild-type wing discs, iro::lacZ ex-
ression is mainly observed in the lateral notum and in two
atches near the A/P boundary in the wing pouch (Fig. 9C).
n dallyDP2527/dallygem, expression of the reporter gene was
FIG. 6. dally mutations affect mechanosensory bristle formation
(black arrowheads) and pDC (black arrow) macrochaetae. Microcha
a dallyP2 homozygous fly showing loss of pSA and aDC (white arrow
ild type. Number and position of microchaetae are severely
acrochaetae and microchaetae on a heminotum. Four “dally-sens
ircles. Five lines (R1–R5) indicate the positions of microchaetae th
nterior and posterior notopleurals, respectively; aSA and pSA, sup
SC, scutellars. In all figures, anterior is up.on notum. (A) Wild-type notum showing distribution of the pSA, aDC
etae locate regularly as five stripes (R1–R5) shown in (C). (B) Notum of
heads). Note the pDC (white arrow) displaced anteriorly compared with
affected by dally mutation. (C) Diagram showing positions of the
itive” macrochaetae (aDC, pDC, pSA, and pPA) are labeled with white
at locate at the central region of notum. PS, presutural; aNP and pNP,
raalars; aPA and pPA, postalars; aDC and pDC, dorsocentrals; aSC andignificantly reduced throughout the wing discs (Fig. 9D),
Copyright © 2001 by Academic Press. All rightABLE 2
ffects of dally Mutations on the Notal Macrochaetae
Wild-type 527/gem P2/gem 188/gem
Posterior supraalar (pSA) 0 98 86 96
Anterior dorsocentral (aDC) 0 93 24 60
Posterior postalar (pPA) 0 3 1 1
Note. The numbers represent the penetrance, which is the
percentage of animals that lack each macrochaetae in the notum
(pSA, aDC, and pPA). The genotypes shown are the same as those
in Table 1. The phenotype of macrochaetae was scored for 200
specimens for each genotype.
s of reproduction in any form reserved.
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AFIG. 7. Proneural cluster and sensory organ precursor formation in dally mutant wing discs. (A–D) SMCs were labeled by expression of
neu::lacZ (neuA101; A and B) or sca::lacZ (C and D) in wild-type (A and C) and dallyDP2527/dallygem (B and D). The number of SMCs for
hemosensory bristles at the wing margin is severely reduced in dally mutants (B and D). The SMCs for aDC, pSA, and TSM (arrows) are
bsent in dally mutants. (E, F, and F9) The expression of Ac protein, which marks proneural clusters, in wild-type (E) and dallyDP2527/dallygem
(F and F9) wing discs. Ac protein expression was absent (F) or markedly decreased (F9) in dally mutants. (G and H) DC-lacZ expression
anti-b-galactosidase antibody staining) in the DC proneural cluster of wild-type (G) and dallyDP2527/dallygem (H) wing discs. Note that the
ize of the DC cluster is significantly reduced in dally mutants. TSM, twin campaniform sensilla; dTG, distal tegula; pTG, proximal tegula;
3, campaniform sensillum of the third wing vein; dR, sensilla of the dorsal radius. Other symbols are explained in the legend of Fig. 6C.
ll wing discs are oriented dorsal to the left and anterior up.
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Copyright © 2001 by Academic Press. All rightshowing that dally affects the expression of iro::lacZ. The
loss of the SMC for the pSA in dally homozygotes (Figs. 7B
and 7D) may therefore be caused by a reduced expression of
iro at the lateral notum.
DISCUSSION
Regulation of dally::lacZ Expression
at the Wing Margin
We studied dally enhancer trap expression in the wing
isc extensively, which revealed expression at the A/P and
/V boundaries in the wing pouch. At mid- to late-third
arval instar, the expression of dally enhancer trap overlaps
ith that of ac-sc at the D/V boundary, indicating that
dally is expressed at high levels in cells flanking the ct- and
wg-expressing edge cells like Dl and Ser (Speicher et al.,
994). N signaling in cells of the D/V boundary results in
he transcriptional activation of several genes, including vg,
g, ct, and members of the Enhancer of split complex,
(Spl) (de Celis et al., 1996). Like other genes affecting
ssembly of wing margin structures, dally expression of the
/V boundary is sensitive to N-receptor activation medi-
ted by Dl and Ser. Blocking Wg signaling at the D/V border
ells can repress dally expression, indicating that dally
xpression along the margin is positively regulated by Wg
ignaling, which is also required for the expression of
roneural AS-C genes (Phillips and Whittle, 1993; Couso et
l., 1994). Further studies are required, however, to deter-
ine whether N also has a direct function in the regulation
f dally expression.
Lin and Perrimon (1999) have reported that dally cooper-
ates with Wg to form the wing margin structures. We also
observed that Ac expression is severely decreased in dally
mutants, supporting the idea that dally serves as a compo-
nent of the Wg receptor complex to induce AS-C expression
t the prospective wing margin. Taken together, these
bservations indicate that dally is a target gene of Wg
ignaling pathway, and at the same time, it mediates the
ame signaling, suggesting that dally is involved in a
ositive feedback loop of Wg signaling at the D/V boundary
f the wing pouch. Previously, it has been shown that Wg
eceptor, Dfrizzled-2 (Dfz2), the Wg receptor, is down-
egulated by Wg signaling at the D/V boundary (Cadigan et
l., 1998). Dally, a putative Wg coreceptor, may also par-
icipate in the feedback circuits of Wg signaling, as has been
uggested for Dfz2.
penetrance of aDC defects of dallyP2/dallygem is increased by
reducing put (putP1) function. We also obtained similar results
using another put allele, put135. (C) putP1 mutation also enhanced
he pSA phenotype of dallyP2/dallygem. The bristles were scored forFIG. 8. Genetic interactions between dally and wg or put on the
notum phenotype. Penetrance of pPA (A), aDC (B), and pSA (C)
phenotypes is shown. (A) A null mutation of wg (wgCX4) enhancesat least 200 specimens per genotype.
s of reproduction in any form reserved.
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Specification of Sensory Organs
In this study, we show that dally is required for the
development of sensory organs in the adult wing and
notum. dally has been also identified as a gene that affects
the development of sensory organs by a gain-of-function
screen (Abdelilah-Seyfried et al., 2000). dally mutants show
reduced numbers of sensory bristles and campaniform sen-
silla at the wing margin. Specific macrochaetae on the
notum, DC, pSA, and pPA, are affected in dally mutants. In
FIG. 9. dally and put genetically interact with iro. The pSA phenotyp
for dallygem (A). Similar effects are seen in dallygem heterozygotes with
and iro2 phenotypes. Similar results were obtained when we used iro1
xpression in wild-type (C) and dallyDP2527/dallygem mutant (D) discs w
iro::lacZ was weakened in the dally mutant disc. The discs are showall cases, the expression of genes specific for proneural cell
Copyright © 2001 by Academic Press. All rightdifferentiation is compromised in dally-sensitive bristles,
indicating that dally affects sensory organ development at
the step of prepatterning.
Wg and Dpp have been shown to affect prepatterning of
sensory organs by governing the expression of proneural
genes, such as ac-sc. dally has been shown to affect the
ignaling levels of either Wg or Dpp (Jackson et al., 1997;
Lin and Perrimon, 1999; Tsuda et al., 1999). We therefore
investigated whether dally affected sensory organ forma-
tion via either Wg or Dpp signaling pathways. Genetic
iro1 and Df(3L)iroDFM3 heterozygotes were enhanced by heterozygosity
and Mob1 mirrB1–12 (data not shown). (B) putP1 enhanced Df(3L)iroDFM3
ob1 mirrB1–12 (data not shown). (C and D) Patterns of iro::lacZ (irorF209)
detected by X-gal staining. Note that the entire expression pattern of
th anterior left and ventral up.e of
iro2
and M
ereexperiments provided evidence that, in the prospective
s of reproduction in any form reserved.
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446 Fujise et al.notum region of the wing disc, dally selectively influenced
g signaling to form the pPA bristle and Dpp signaling to
orm the pSA and DC bristles. It is particularly intriguing
hat, during development of DC macrochaetae, dally genet-
cally interacts with only Dpp signaling, while the forma-
ion of these bristles requires both Wg and Dpp activities
Garcia-Garcia et al., 1999; Phillips and Whittle, 1993;
Tomoyasu et al., 1998). It has been indicated that the A/P
oordinates of the DC cluster is limited by Dpp signaling
Mullor et al., 1997; Tomoyasu et al., 1998). In dally
omozygous wing discs, the DC cluster is apparently
horter in the A/P coordinates compared with wild-type
iscs, suggesting that dally regulates Dpp signaling activity
o limit the A/P length of the DC cluster. What are the
echanisms that can account for the selective interactions
f dally and specific growth factor signaling? One obvious
nterpretation of genetic experiments on DC macrochaetae
s that differences in dose effects between dpp and wg are
esponsible for the apparent specificity. It is also possible
hat the ligand-specificity of Dally is controlled at the
ellular level through modification of heparan sulfate struc-
ures.
We showed that Dally, Dpp, and IRO-C genetically inter-
ct with each other during the formation of the pSA
acrochaete. Although interactions between Dpp signaling
nd IRO-C have been suggested (Tomoyasu et al., 1998), we
rovided evidence that the Dpp signaling component inter-
ct with the genes of IRO-C. Ectopic Dpp signaling using a
onstitutively active type I receptor, tkv, leads to an ectopic
nduction of the pSA macrochaete (Tomoyasu et al., 1998),
upporting the idea that Dpp signaling is required for
repatterning for this bristle. We also observed significant
eductions in the expression of iro enhancer trap in the
ally mutant wing discs. Expression of the iro at the lateral
otum region is critical for the proneural cluster formation
nd bristle development in this region (Gomez-Skarmeta et
l., 1996; Leyns et al., 1996). Taken together, these findings
uggest that dally mediates Dpp signaling to control expres-
ion of the genes of IRO-C during the formation of the pSA
ristle.
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